This paper describes the rare cytoplasmic transmission of defective simian virus 40 (SV40) viral DNA from enucleated cells (i.e., cytoplasts) of the SV4O-transformed mouse cell line SVT2 (chloramphenicol-resistant) into cybrid cells formed by fusion of these cytoplasts with BALB/c 3T3 cells (thymidine kinase-deficient). The cybrids were selected in medium containing 1% serum, bromodeoxyuridine, and chloramphenicol. They were identified by their 3T3 chromosome content, by the instability of tumor (T)antigen expression, by their transformed phenotype, and by their drug resistance. The yield of rare cybrids was about 5 X 10-7, 0.1% of the yield on medium with 10% serum. The presence of the SV40 genome was detected by the expression of SV40-specific T antigen and confirmed (unpublished data) by hybridization of viral DNA probes with restriction enzyme fragments of nuclear DNAs from cybrid clones. Restriction site mapping (unpublished data) showed that at least 1 kilobase of host flanking DNA on each side of the SV40 DNA was included in the transferred segment. The transforming DNA was not stably integrated initially, as judged by cellular heterogeneity in T-antigen expression. Stable T-antigen-positive and negative subclones were recovered in 10% serum; instability could be retained for at least 30 doublings during growth in 1% serum. The instability is interpreted as evidence of nonintegration or unstable integration of the transferred DNA into the host genome. The cytoplasmic transfer is interpreted as evidence that chromosomal fragments or intact chromosomes can be transferred rarely through the cytoplasm in cybrid crosses.
This investigation began as a search for cytoplasmic genetic elements influencing the expression of transformation and tumorigenicity and as part of a more general study of the relative roles of viral and host genes in tumor formation (1, 2) . In a prior study we found evidence of a cytoplasmic genetic effect upon the expression of tumorigenicity in Chinese hamster cells but not in mouse cells (2) . In the present study, SVT2, derived by simian virus 40 (SV40) transformation of primary embryo fibroblasts (3), was chosen as the virally transformed cell line to study because of its relative karyotypic and phenotypic stability. Previous work (4) (5) (6) had shown that the SV40 DNA was integrated at a single site in SVT2 cells but that the early region was present in more copies than the late region. Our SVT2 cells carry a defective SV40 genome, missing about 1500 nucleotides in the late region (unpublished data), but they have the characteristic properties of virally transformed rodent cells: they all express the SV40 tumor (T) antigen, they have a low serum requirement, they exhibit no anchorage dependence, and every cell is tumorigenic in the nude mouse coinjection assay (1, 2) .
In this paper, we describe a set of cybrid clones in which SV40 DNA was transmitted through the cytoplasm of enucleated SVT2 cells and introduced into 3T3 cells by cell fusion with either Sendai virus or polyethylene glycol. We show that the cybrids were initially unstable in T-antigen expression, but that after subculture stable T-antigen-positive and negative subclones could be isolated from each cybrid population. The maintenance of unstable clones for over 50 doublings, as well as the recovery of stable subclones from them, is taken as evidence of the replication of this fragment in an unintegrated or unstably integrated state.
In a separate study (unpublished data) we have mapped the SV40 and adjacent host sequences, and we have found that the same flanking sequences extending at least 1 kilobase on each side were present in SVT2 and in all the cybrid clones and subclones so far examined. These results indicate that the SV40 DNA was not excised and transferred as free viral DNA, but rather as part of a chromosomal fragment or possibly an intact chromosome.
MATERIALS AND METHODS
Cell Lines and Culture Conditions. The properties of hypoxanthine phosphoribosyltransferase-deficient (HPRT-) chloramphenicol-resistant (CAPR) SVT2, a pseudodiploid SV40 transformant of BALB/c mouse embryo fibroblasts, and thymidine kinase-deficient (TK-) BALB/c 3T3 cell lines have been described in detail earlier (1) . All lines were cultured in a minimal essential medium (K. C. Biological, Lenexa, KS) containing 10% calf serum (Colorado Serum, Denver, CO) and glucose at 4.5 mg/ml. Cultures were fed every [2] [3] Table 3 . Of the colonies selected in low serum, some were stably T-antigen positive, some were T-antigen negative, and some retained the instability of T-antigen production seen in the original cybrid clones. The five subclones isolated in methylcellulose were uniformly T-antigen positive and remained so in further passages.
The results show that cellular instability for T-antigen expression can persist through two rounds of subcloning (at least 30 doublings) and that stable T-antigen-positive cell lines can be recovered from each of the original cybrids.
Maintenance of the T-Antigen Instability. The effect of serum concentration was examined in a study of T-antigen instability. Subclone 120-39-12 was split into growth medium with 1% and 10% serum, and parallel cultures were passaged for several weeks. Cumulative population doublings and the proportion of cells expressing T-antigen were determined at each passage. The results are shown in Fig. 1 ; a repeat experiment gave virtually identical results.
In medium with 10% serum, cells grew with a mean population doubling time of 1.7 days for the first 23 doublings, during which time the population was largely T-antigen positive. T-antigen-negative cells were detected after 16 population doublings, and subsequently, as the percent of T-antigennegative cells increased, so did the mean growth rate of the population. Both T-antigen-positive and negative stable subclones were recovered from this population (Table 4) .
In medium with 1% serum, all cells expressed T antigen, but the culture grew slowly with a mean population doubling time of about 3 days. Only cells expressing T antigen were able to grow in this selective medium; Thus the slow growth rate presumably reflects continuing loss of T-antigen-negative segregants over the period of 30 population doublings, because Tantigen cells have a doubling time of about 23 hr in 1% serum. The subclones recovered from this culture were stably T-antigen positive. These results show that several processes were occurring in these long-term experiments: the segregation of stable T-antigen-positive and negative cells, the continuing growth of a subset of cells carrying the T-antigen instability, and overgrowth of faster-growing T-antigen-negative cells in cultures with 10% serum.
The chromosome contents of these cells are particularly noteworthy. As shown in Table 3 , most of the T-antigen-positive subclones recovered after the first subcloning still retained the chromosome content of the 3T3 parent in the range of 65 chromosomes per cell. Clone 120-39-12, chosen for further studies, was an exception with a-mean chromosome count of 49.
The colonies from the population grown in 10% serum were of two kinds. The T-antigen-negative cells were all in the range of 65 chromosomes, as in Table 3 , suggesting that they were present as an undetected minority in the inoculum, which was derived from clone 120-39-12. The T-antigen-positive cells showed a diversity of chromosome contents, probably resulting from a doubling of the base number of 47, followed by further changes. These aberrant chromosome changes are reminiscent of the progressive changes in chromosome organization seen in tumor cells (7, 8) .
DISCUSSION
The results presented here demonstrate that SV40 genetic information, which is normally integrated into one or more chromosomes of SVT2 cells (9-11), can in rare instances be transmitted cytoplasmically to 3T3 cells. The demonstration of cytoplasmic transmission is based on fusion between enucleated SVT2 cells that carry a selective cytoplasmic marker, CAPR, and BrdU-resistant 3T3 cells. The yield of rare cybrids, selected in medium containing CAP, BrdU, and 1% serum was below 10-6, whereas in the control cybrid fusion in medium with CAP, BrdU, and 10% serum, the yield was about 10-3, as was the hybrid yield in crosses with these cell lines.
The evidence that the rare fusion products recovered in 1% serum are true cybrids is primarily: (i) their 3T3 chromosome content; (if) the presence of SV40 virus-specific T-antigen; (iii) the presence of correct selective markers-i.e., BrdU and CAP resistance; (iv) the presence of the transformation phenotype-i.e., reduced serum and anchorage requirements; and (v) the initial instability of T-antigen expression, followed by recovery of stable T-antigen-positive and negative subclones. We interpret the instability as evidence that the transferred DNA is being replicated and transcribed in an unintegrated or unstably integrated state.
In what form is the SV40 DNA being transferred? In separate experiments (unpublished data) we found that the SV40 DNA sequences were transferred not as free viral DNA but within a larger element bounded by conserved flanking sequences of host DNA. Release of this element from its previously integrated state in the nucleusimay be an artifact of cytochalasin B treatment and enucleation, or it may be a rare spontaneous event.
If excision of this element results from local replication of extra copies as in the "onion skin" model (12) , followed by site-specific recombination, the size of the transferred element should be constant, whereas if the transferred element is an artifact of experimental procedures, the size should vary from one cybrid to another. An alternative possibility is that a whole chromosome carrying the integrated SV40 DNA was transferred through the cytoplasm. Restriction site mapping, using the flanking sequences as probes, should help resolve these questions.
The loss from transformed rat cells of integrated polyoma virus DNA, carrying the temperature-sensitive a mutation, occurs rarely if at all at the nonpermissive temperature (13) , indicating that the viral genome plays a role in excision, although its precise role has not yet been elucidated. In our cybrids, in which stability of T-antigen formation has been established by indirect immunofluorescence at the cellular level, a low rate of loss of T-antigen expression has not been excluded. If nontransformed "revertants" can be selected in which part or all of the SV40 DNA has been excised, they would provide excellent material to examine the site specificity of excision, in comparison with integration.
Cybrid transmission is a method of gene transfer to be compared with the use of isolated metaphase chromosomes (14) or isolated DNA fragments (15) . Our yields are in the range reported for chromosome-mediated (2 X 10-7) or DNA-mediated (1 X 10-6) gene transfer, and our method may be useful for special purposes. It may be possible to increase the efficiency of cybrid transmission and to transfer marker genes by this process.
Cytoplasmic transmission of a mutant phenotype has been considered as unambiguous evidence for the cytoplasmic origin of the genetic element coding for the phenotypic change by many investigators (16) , including ourselves (1, 17) . For example, we have described cytoplasmic suppression of tumorigenicity in cybrids formed by fusion of normal enucleated cells with tumorigenic cells (1) . In those and other cybrid studies, the cybrid yields have been in the same range as the yield of corresponding hybrids: i.e., about 10-3 per recipient cell plated.
The rare cybrids described in this paper were recovered in the range of 10-6 to 10-7. On this basis, we feel that the results reported here do not invalidate the use of cybrid transmission to distinguish between nuclear and cytoplasmic genes.
The hypothesis that acquisition of tumorigenicity in virally Transformed cells requires changes in the host genome as well as integration of viral sequences had been proposed in the earliest studies of SV40 and polyoma transformation (18) . In discussing studies of Burkitt lymphoma, Klein (19) has proposed that viruses function as initiators in the progression of normal cells to tumorigenic ones and that subsequent steps are due to cellular genetic changes.
Our results have shown that transfer into 3T3 cells of SV40 DNA, within a host DNA-bounded element, has led to cellular transformation and to extensive karyotypic changes. One likely mechanism by which integrated viral DNAs influence cell phenotypes is by promoting karyotypic rearrangements and changes in chromosome number. Thus, in our view, the varied chromosomal changes seen in the cybrid subclones were induced by the transposed element. Whether the viral DNA per se or the conserved flanking sequences of host DNA are responsible for the karyotypic effects is not yet known, but may be resolvable with the use of temperature-sensitive and deletion mutants of SV40 as well as-with cloned viral and flanking host DNA sequences.
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